Abstract-The kinetics of structural phase transformations in quasicrystal forming Al-Cu-Fe alloys with compositions in the region of stability of the icosahedral (i) phase has been investigated. It has been shown that, depending on the development of metastable transformations i pentagonal phases P1 and P2, a homogeneous lamellar structure (i + P1 + P2) or a polygrain i phase is formed in the alloys. The P-h dia grams obtained upon nanoindentation, atomic force microscopy, and scanning electron microscopy of indentations have demonstrated signs of elasto plastic deformation of the alloys with lamellar and polygrain icosahedral structures. It has been found that, in contrast to the polygrain icosahedral alloys with a normal size effect of nanoindentation, the alloys with a lamellar structure are characterized by a nonmonotonic dependence of the hardness (H) on the maximum load (P max ) and exhibit the effect of strain hardening in the range of loads 50 mN ≤ P max < 500 mN. The strain hardening is considered as the result of resistance exerted by boundaries of the lamellar structure to the development of plastic deformation.
INTRODUCTION
Since the discovery of aperiodic quasicrystalline phases in metal alloys, a great deal of attention has been paid to the investigation of their mechanical properties [1, 2] . Three dimensional aperiodic icosa hedral aluminum-transition metal quasicrystals, including those in the Al-Cu-Fe system, are charac terized by high values of elastic moduli [3] and micro hardness [4] . These properties provide the basis for their use as dispersion strengthening phases and wear resistant materials [5, 6] . The aforementioned practi cal applications require investigation of the mechani cal properties of these materials not only in the bulk state but also under micro and nanocontact loading using the indentation method. It has been found that there are significant differences in the mechanical properties of quasicrystals subjected to micro or nanoindentation and macroscopic tests [6] [7] [8] [9] . At room temperature, as was shown by tension and com pression tests, quasicrystals are brittle materials. These phases exhibit plastic properties at high temperatures due to thermally activated processes of nucleation and motion of dislocations [1, 2] . In the case of micro and nanoindentation, single grain and polygrain alumi num-transition metal quasicrystals at low tempera tures demonstrate signs of severe plastic deformation [6] [7] [8] [9] [10] . Among the problems that require a more detailed examination is the problem associated with the influence of the initial structural state of a quasic rystalline alloy on the plastic properties under nano contact loading.
It is known that, in crystalline alloys, microstruc tural states, such as lamellar and polygrain icosahedral structures, can substantially affect the mechanical properties. It can be assumed that similar mechanisms will work for quasicrystalline alloys. Earlier, the hard ening effect of quasicrystalline Al-Cu-Fe coatings with submicron sized grains was demonstrated by Milman et al. [11] using a set of micro and nanoin dentation techniques. The formation of lamellar structures, as a rule, is the result of structural phase transformations associated either with doping the materials or with using their heat treatment. From this point of view, the Al-Cu-Fe system is of particular interest. In a narrow concentration range, which bor ders the region of stability, the icosahedral (i) phase of the Al-Cu-Fe system undergoes a series of structural transformations into the pentagonal approximant phases P1 and P2 [12, 13] . These transformations occur both in the equilibrium state and in rapidly quenched alloys. As compared to the icosahedral structure, the P1 and P2 phases lose their aperiodic ity in one direction and can precipitate in the form of planar intergrowths that are coherently coupled with the icosahedral matrix. It has also been found that, in quenched quasicrystal forming Al-Cu-Fe alloys with compositions lying in the region of stability of the i phase, the stage of formation of the perfect icosahe dral structure is accompanied by the formation of pla nar defects in the form of intergrowths of the P1 struc tures [14] . The most interesting from the point of view of practical applications are alloys with compositions in the region of stability of the icosahedral phase, as well as the modification of their mechanical properties as a result of the formation of a homogeneous lamellar structure with planar intergrowths of pentagonal approximants.
In this work, the kinetics of transformations "icosahedral (i) quasicrystal pentagonal phases" in the quasicrystal forming Al 62.2 Cu 24.8 Fe 13 and Al 61.7 Cu 25.2 Fe 13.1 alloys with compositions in the region of stability of the i phase has been investigated using transmission electron microscopy and electron diffraction, as well as the projection and cut method in the six dimensional space. The possibility of forming a homogeneous lamellar structure of pentagonal phases has been demonstrated. The dependences of the loading curves and nanomechanical characteris tics on the maximum load (in the range of 5-500 mN) have been examined using the nanoindentation method for two types of quasicrystalline alloys: (i) alloys with the lamellar structure of pentagonal phases and (ii) alloys with the single phase polygrain icosahe dral structure. It has been found that the quasicrystal line Al-Cu-Fe alloys with the lamellar structure exhibit a hardening effect.
METHODICAL PART

Techniques of the Preparation and Investigation of the Alloys
Details of the preparation of quenched quasicrys tal forming alloys are described in our recent paper [14] . Isothermal annealings were performed in a helium atmosphere at temperatures of 550 and 650°C. The annealing times were 4, 8, 10, and 24 h. The local chemical analysis was carried out using the electron probe microanalysis method on a Cameca SX 100 microanalyzer at an accelerating voltage of 15 keV and a current of 29 nA. The standard deviations in the determination of the contents of the components Al, Fe, and Cu were equal to 0.14, 0.09, and 0.15 at %, respectively.
The structural investigations were carried out using transmission electron microscopy (JEM 200 CX microscope). For the electron microscopic examina tion, the obtained scales of the quenched alloy were electrolytically polished in a standard (methanol + nitric acid) mixture after the preliminary mechanical thinning.
The nanomechanical characteristics were investi gated on test alloys with electrolytically polished sur faces. The P-h loading diagrams were obtained by measuring the indentation force (P) and the indenta tion depth (h) during indentation tests. In the range of loads from 5 to 50 mN, the measurements were per formed on a TI900 Triboindenter automated nanome chanical test system equipped with an atomic force microscope. In the range of loads from 50 to 500 mN, the microhardness was measured on a FISCHER SCOPE HM2000 computer controlled measuring system. The measurements in the TI900 Triboindenter system were carried out using a Berkovich indenter with the radius of curvature of 100 nm. In the FIS CHERSCOPE HM2000, the measurements were made using a Vickers indenter.
The measuring systems were equipped with a spe cial program for processing the P-h loading curves according to the Oliver-Pharr method, which made it possible to estimate the hardness from the parameters of the unloading branch of the P-h diagram and to take into account the correction for elastic recovery of indentation sizes and the deviation of the indenter tip from the ideal shape [15, 16] . The hardness (H) is determined as the averaged pressure in the contact (Meyer hardness) and can be calculated from the for mula (1) where P max is the maximum load; A(h c ) is the projected area of the contact between the indenter and the mate rial for the contact depth h c , (2) h max is the depth of contact at the maximum load P max ; S = dP/dh is the stiffness in contact; and η is the geo metrical factor, which takes into account the type of indenter. The projected contact area is estimated from the formula (3) where C 0 , C 1 , C 2 , C 3 , C 4 , and C 5 are coefficients that are determined for the reference sample (fused silica). For Berkovich and Vickers indenters with ideal shapes, the contact areas are identical and defined by the formula A = 24.5 . The FISCHERSCOPE HM2000 system can also be used to determine the plastic hardness (H Pl ), which is calculated for the residual depth of the contact (h f ). The instrumental accuracy in the deter mination of the indentation depth h is equal to 0.1 nm. The experimental values of H, h c , S, and A were deter mined from a series of measurements of the loading diagrams (from four to seven) for several samples of each type of alloys and for each load.
Techniques of the Electron Diffraction and Electron Microscopic Analyses
For the analysis of the electron diffraction patterns and the description of the reciprocal lattice of the icosahedral phase, we have used the projection and cut method in the six dimensional space [17, 18] . Accord ing to this method, we can write (4) where G is the vector of the periodic reciprocal lattice of the icosahedral phase in the six dimensional space; and g || and g ⊥ are the components of the reciprocal lat tice vector in the three dimensional parallel (physical space) and perpendicular spaces, respectively, defined by the six dimensional projection matrix. The cross sections of the reciprocal lattice of the icosahedral phase in the physical space were simulated in the three dimensional cubic coordinate system with the (3 × 6) matrix. The (3 × 6) matrix transforms the six dimensional reciprocal lattice vector (n 1 , n 2 , n 3 , n 4 , n 5 , n 6 ) of the i phase, in which it is described by the peri odic structure, into the three dimensional physical aperiodic vector (h + τh', k + τk', l + τl')
where τ = . The simulation and indexing of
in the electron diffraction patterns for the i phase of the Al-Cu-Fe system (six dimensional reciprocal lattice of the body centered cubic (bcc) type) were performed in the primitive cell with superstructure reflections in the positions (n 1 + 1/2, n 2 + 1/2, n 3 + 1/2, n 4 + 1/2, n 5 + 1/2, n 6 + 1/2), which was proposed in [19] . The stereographic projections for the orienta tion of the lattice of the i phase ( ) used in the work are shown in Fig. 1 . The electron microscopy images of the quasicrys tal forming alloys (Fig. 2a) annealed at a temperature of 550°C for 4 or 8 h demonstrate a fringe contrast that is characteristic of planar defects in quasicrystalline structures with the displacement vector R at the boundary of the defect. These planar defects are located in all planes of the i structure with fivefold symmetry axes. A typical diffraction pattern obtained from the region containing such defects and the corre sponding calculated scheme are shown in Figs. 3a and 3b, respectively. In addition to the reflections of the i phase, which are arranged according to the quasi periodic law, the system of new reflections is observed in the electron diffraction patterns obtained in the direction of the twofold symmetry axis A2 (Fig. 1 ) and the mirror plane axis A2P nearest to it. These reflec tions are arranged periodically along the fivefold sym metry axis, which is perpendicular to the plane of defects, and aperiodically in the plane of defects. The analysis of the experimental electron diffraction pat tern and the pattern calculated for the perfect icosahe dral structure as well as the determination of the com ponents of the displacement vector R at the boundary of defects were carried out in our previous work [14] . It was shown that planar defects are intergrowths of the P1 pentagonal approximant, and the formation of the lattice of the P1 approximant occurs in accordance with the phason mechanism and is determined by the matrix of the phason displacement [12, 13] . The posi tions of the reflections of the P1 phase, determined from the experiment, are in close agreement with those calculated using the matrix of the phason dis placement i P1. The formation of interlayers of the P1 phase in the icosahedral matrix has been considered by us as a result of the nonequilibrium transformation i quasic rystal pentagonal phase, which is initiated both by local deviations of the chemical composition and by the strain state that is typical of rapidly quenched alloys [14] . It can be assumed that an increase in the annealing time will lead to a further development of the transformation as well as to the formation of inter layers of the P2 pentagonal approximant, which is characteristic of transformations of the i phase in rap idly quenched alloys with compositions in the region of its structural instability [12, 20] . This process can be accompanied by the formation of a homogeneous lamellar structure with alternating interlayers of the P1 and P2 phases.
EXPERIMENTAL RESULTS AND DISCUSSION
Formation of a Lamellar Structure of the Quasicrystal Forming Al-Cu-Fe Alloys, Electron Diffraction and Electron Microscopy Investigations
Extended regions with the lamellar structure are observed already in the two phase (i + P1) state. The quasicrystal forming Al 62.2 Cu 24.8 Fe 13 and Al 61.7 Cu 25.2 Fe 13.1 alloys annealed for 10 or 24 h are characterized by the formation of a homogeneous lamellar structure with the boundaries aligned parallel to the planes with the fivefold symmetry axes A5 (Fig. 2b) . A comparison between the experimental electron diffraction patterns obtained in the direction of the twofold symmetry axis A2 and the corresponding diffraction pattern calculated for the perfect quasicrys talline structure has revealed the presence of additional diffraction spots and diffuse effects (Figs. 3c, 3d) .
Additional diffraction effects observed for the alloy subjected to long annealings can be attributed to two additional reciprocal lattices. The translation vectors of the reciprocal lattice |g period |, which are associated with the physical reciprocal space, have the following relationships with the reciprocal lattice vector for the reflection (2/3 0/0 -1/ -2) of the i phase: |g period | = 1/25|g || (2/3 0/0 -1/ -2)| = 1/52.3 Å -1 for the first lat for the second lattice. These translation vectors corre spond to periodicities of the reciprocal lattices of the two P1 and P2 pentagonal phases, whereas only the P1 phase is observed in the alloys annealed for 4 and 8 h (Figs. 3a, 3b) . The positions of reflections of both sublattices on the experimental electron diffraction patterns coincide with the positions of reflections of the P1 and P2 phases, which were calculated using the matrix ε i → P of the linear phason displacement proposed in [12] :
where [g ||P1 ] and [g ||P2 ] are the reciprocal lattice vectors of the P1 and P2 pentagonal approximants in the physical space.
We obtained the images of the lattice in two reflec tions of the P2 phase with Δd = d 000005 = 16.9 Å for the strict orientation of the foil in the direction of the two fold symmetry axis A2 (Fig. 4, inset) (Fig. 2c) . In the electron diffraction patterns, there are only diffraction spots in the positions corresponding to the calculated bcc reciprocal lattice of the perfect icosahedral structure of the Al-Cu-Fe system (Figs. 3e, 3f) . The next subsection presents the results of nanoin dentation tests for two types of quasicrystalline alloys: (i) alloys with the lamellar structure of pentagonal phases and (ii) alloys with the single phase polygrain icosahedral structure.
The P-h Diagrams and Nanomechanical Characteristics of Quasicrystalline Al-Cu-Fe Alloys with the Lamellar and Polygrain Structures, Hardening Effects
Typical P-h loading diagrams obtained for the quasicrystalline Al 62. observed during nanoindentation of quasicrystalline alloys with icosahedral and decagonal structures [6] [7] [8] [9] [10] .
The contribution from the plastic deformation was also determined from the atomic force microscopy (AFM) data. The AFM images and scanned profiles of the indentations (Fig. 6 ) demonstrate pile ups that are typical of plastically deformed materials [21] , includ ing quasicrystals [22] . The scanning electron micros copy (SEM) images of the indentations obtained at the maximum loads P max = 50 and 500 mN also dem onstrate pile up effects at the indentation edges with a bleached contrast (Fig. 7) . In all the loading curves, there are signs of unstable plastic deformation (jumps and steps), which is characteristic of quasicrystalline structures [8, 9] . These effects are most pronounced in the loading curves obtained at maximum loads P max ≥ 50 mN.
Thus, both types of quasicrystal forming alloys exhibit similar qualitative features of elasto plastic deformation, which are typical of quasicrystals during nanoindentation. At the same time, the analysis of the quantitative loading parameters and calculated mechanical characteristics has revealed significant differences in the behavior of the alloys with polygrain icosahedral and lamellar structures (Tables 1, 2,  Fig. 8 ).
The dependences of the contact hardness H on the applied maximum load P max for both types of alloys are shown in Fig. 8 . It can be seen from this figure that, for the alloys with the polygrain icosahedral structure in the range of loads up to 50 mN, the hardness remains unchanged within the limits of the measurement error, whereas over the entire range of loads from 5 to 500 mN, the hardness on the whole decreases in accordance with the normal size effect that is charac teristic of quasicrystalline alloys [9, 23] . The Meyer law [24] , which accounts for the normal size effect,
(where C is an empirical constant), with good accu racy describes the relationship between the maximum load and the contact depth for the alloys with the polygrain icosahedral structure (Fig. 9 ). In this rela tionship, the exponent has the value n = 1.846. The samples with the polygrain icosahedral structure already in the range of loads P max ≥ 100 mN have the hardness of ~10 GPa (Table 1) , which is close to the values available in the literature for quasicrystalline Al-Cu-Fe alloys at high loads [4] . The value of the exponent n of less than 2 in the Meyer relationship means that hardening effects are not observed for polygrain icosahedral quasicrystalline alloys [24, 25] . The dependences of the hardness on the maximum load for the alloys with the lamellar structure, in con trast to the samples with the polygrain icosahedral structure, always have a pronounced nonmonotonic character with a maximum (Fig. 8) . From the point of view of the indentation size effects, a similar type of dependences of the hardness H on the maximum load P max is considered as a transition from the normal to reverse size effect. In the case where crack formation does not occur, the mechanism of this transition is determined by specific features in the development of plastic deformation [25, 26] , for example, by the replacement of slip planes with different activation energies in the case of single crystals or by the effects of strain hardening and further softening. The forma tion of cracks in the alloys studied in this work begins to occur at maximum loads of greater than 100 mN. The observed peak character of the dependence of the hardness on the load and, on the whole, the increase in the hardness at loads of 50 mN should be considered as the hardening effect in the alloys with the lamellar structure. This is consistent with the higher values of the plastic hardness H Pl (Table 3 ) in the range of loads P max ≥ 50 mN for the alloys with the lamellar structure as compared to the polygrain icosahedral quasicrystal line alloys.
The mechanism of the revealed hardening effect in the alloys with the lamellar structure, in our opin ion, is associated not with the mechanical properties of the pentagonal approximant phases, but with the difficulties in the development of plastic deformation at the boundaries of lamellae. During nanoindenta tion, the approximant phases with a two dimensional aperiodicity will behave like two dimensional decag onal quasicrystalline phases, which, as is known, exhibit the normal size effect and have lower values of the contact hardness than the three dimensional quasicrystals [23] . 13 with the polygrain icosahedral struc ture (i pol ) and lamellar structure of the pentagonal phases (P + i) l in the load range 5 mN ≤ P max ≤ 500 mN. with composi tions in the region of stability of the icosahedral (i) phase has been investigated using transmission elec tron microscopy and electron diffraction with the pro jection and cut method in the six dimensional space. It has been found that an increase in the annealing time at a temperature of 550°C leads to the develop ment of successive nonequilibrium transformations i P1 and i P2. In the three phase (i + P1 + P2) state, a homogeneous lamellar structure with sizes of lamellae ranging from 200 to 400 Å is formed, thus replacing single nanoscale interlayers of the P1 phase in the icosahedral matrix in the two phase (i + P1) state. The single phase icosahedral structure is formed as a result of annealing at 650°C.
The P-h loading diagrams, as well as the AFM and SEM data, have demonstrated that both types of qua sicrystalline alloys (with polygrain icosahedral and lamellar structures) in the range of loads 5 mN ≤ P max ≤ 500 mN show signs of elasto plastic deforma tion.
For the alloys with the polygrain icosahedral struc ture, the dependence of the contact hardness H on the maximum load P max has a normal size effect. The alloys with the lamellar structure in the range of loads 50 mN ≤ P max < 500 mN are characterized by a higher hardness H and an increase in the plastic hardness H Pl as compared to the polygrain icosahedral alloys and exhibit the effect of strain hardening in the depen dence of the hardness H on the maximum load P max . The strain hardening is considered as the result of resistance exerted by the boundaries of the nanoscale lamellar structure to plastic deformation.
